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Introduction
Single-sided deafness (SSD) is an extreme case with functional deafness in the poorer ear and regular hearing in the healthy ear. Acquired SSD is a challenge for these patients because they lose their binaural hearing and the ability to localize sound sources, which has consequences for their daily lives and their communicative skills [7, 12, 20, 21, 25] . For a long time, SSD has been treated with contralateral routing of signal (CROS) or bone-conduction devices which can provide some acoustic clues and improve hearing-related quality of life, but the localization of sound sources and speechin-noise hearing abilities are limited as shown in earlier studies [27, 34] . Therefore in 2016, Van de Heyning et al. [35] published a testing framework for the investigation of speech perception, localization hearing, tinnitus handicap and a comparison with biCROS and boneanchored hearing devices in SSD and asymmetric hearing loss (AHL) patients. The testing framework is supposed to be administered in several cochlear implant (CI) centers around the world to harmo-The German version of this article can be found under https://doi.org/10.1007/s00106-019-0706-7.
nize the data concerning these special patient groups.
There are already some studies that have shown the benefit of CI for SSD patients. They gain a profound improvement in spatial hearing, a reduction in tinnitus distress and a long-term subjective benefit [3, 14] .
Before CI was introduced as a rehabilitation strategy in SSD, hearing-assistive devices had frequently been used. Gardell et al. [11] reported that 70% of the bone-anchored hearing aid (BAHA) users with SSD appreciated and actively used the system despite the fact that the Abbreviated Profile of Hearing Aid Benefit (APHAB) results clearly showed that "the device (is) . . . insufficiently helpful in challenging listening situations".
In a direct comparison of CI recipients with SSD who had prior osseointegrated devices, the sound localization and patient satisfaction were shown to be superior with CI [9] . Apart from these audiological results, CI in SSD was associated with a greater improvement in hearing-related quality of life compared to hearing-assistive devices as shown in a systematic review [21] .
This effect is well known from bilaterally implanted patients with respect to their quality of life and psychological well-being [29] . Recently, we have shown that in addition to improved hearing ability and speech understanding, bilaterally deaf patients report tinnitus suppression, stress reduction, and an increase in their health-related quality of life following CI. In addition, a significant inverse correlation was found between tinnitus-related distress and health-related quality of life (HRQoL). Furthermore, anxiety and depression symptoms decreased and coping strategies improved in these patients after CI.
Therefore, the aim of this study was to evaluate the levels of tinnitus, psychological comorbidities, coping strategies and HRQoL in patients with SSD before and after implantation. In addition, we aimed to characterize the association between tinnitus impairment and audiological parameters measured in the situation before and after CI using validated questionnaires.
Patients and methods
The study was performed at the Departments of Otorhinolaryngology of Charité-Universitätsmedizin Berlin and Unfallkrankenhaus Berlin (UKB) over a period of 3 years (2011-2014). Twenty adult patients with acquired unilateral deafness were enrolled in the study, which was The NCIQ is a validated tool designed to determine the health-related quality of life of implanted patients. There are six subdomains: 1: basic sound perception, 2: advanced sound perception, 3: speech production, 4: self-esteem, 5: activity, 6: social interactions. The score ranges from 0 (very bad) to 100 (optimal)
SF-36
The non-disease specific, generic 36-item Short Form Survey (SF-36) consists of 36 items with 8 subcategories. The scores are coded and transformed into a scale that ranges from 0 to 100 (0: worst self-perceived health and 100: best self-perceived health). The subdomains are summarized in a physical summary score and a mental summary score
The TQ includes 52 items and assesses the grade of tinnitus-related distress on four severity levels: -low (1-30 points), -moderate (31-46 points), -severe (47-59 points) or -very severe (60-84 points).
There are 6 subcategories.
-E: emotional distress, -C: cognitive distress, -E + C: combined psychological distress, -I: Intrusiveness, -A: auditory perceptual difficulties, -SI: sleeping disturbances, -SO: somatic complaints and a total score (0-84)
Perceived Stress Questionnaire (PSQ)
To determine the level of stress perceived by the patients, we used the PSQ. It comprises 30 items measuring four subscales: -worries, -tension, -joy, -demands.
The subscale "joy" is recoded in the total score. The split-half reliability is in the range from 0.80-0.88
COPE (Brief-COPE)
Coping strategies were evaluated by the Brief-COPE questionnaire (COPE), which comprises 28 questions with 14 subcategories. The subcategories are summarized in 4 domains: -evasive coping (EC), -seeking support (SS), -focus on positive (FP), and -active coping (AC)
General Depression Scale (ADS)
Depressive symptoms were measured by the General Depression Scale (ADS), which includes 20 items. The total score ranges between 0 and 60, whereby the cut-off value for depressive symptoms is 23
The GAD-7 is a screening instrument that is used to assess the severity of generalized anxiety disorders on a 7-point scale Retrospectively, there were 4 patients who postoperatively had a pure-tone threshold of 30-45 dB at one frequency in the better hearing ear. Before surgery, all patients gave their informed, written consent to participate in the study.
The patients were asked to complete all the questionnaires in the Charité test battery (. Table 1 ) before and after implantation. Twenty patients (7 male and 13 female) completed the surveys. The mean age at the time of implantation was 56.9 ± 17.3 years (range 21.0-80.0 years). The mean duration of deafness before implantation was 4.8 ± 7.7 years (range 0.3-26.9 years). The meantime post-CI at the moment of completing the questionnaire was 1.5 ± 0.9 years (range 0.6-3.2). All patients received a multichannel implant and a postoperative x-ray was taken to verify successful intracochlear electrode insertion. The most commonly used type was the CI24RE (Cochlear, Sydney Australia; n = 9), followed by a CI512 (Cochlear, Sydney Australia; n = 7) and Concerto (MED-EL, Innsbruck, Austria; n = 4).
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Nijmegen Cochlear Implant Questionnaire
The Nijmegen Cochlear Implant Questionnaire (NCIQ) is a disease-specific, validated questionnaire measuring HRQoL, which was designed by Hinderink et al. and published in 2000 [17] . The NCIQ was translated into German by native German and English speakers using forward-backward translation. The NCIQ covers three general domains with six specified subdomains (. Table 1 ). Since its validation, the NCIQ has been used as a standard test to evaluate HRQoL in patients with cochlear implants.
Medical Outcomes Study 36 Short Form Health Survey
The Medical OutcomesStudy36-Item Short Form Health Survey (SF 36) is a nondisease-specific, generic HRQoL instrument [16] . A physical component summary score and a mental component summary score can be computed using the standardized scoring system.
Tinnitus Questionnaire
The Tinnitus Questionnaire (QT) of Goebel and Hiller [13] is a well-validated questionnaire and is used to evaluate tinnitus distress. There are four tinnitus severity levels determined by the total score: low (0-30), moderate (31-46), severe (47-59), or very severe (60-84).
Perceived Stress Questionnaire
To determine the level of stress perceived by the patients, we used the Perceived Stress Questionnaire (PSQ). According to Fliege et al. [10, 26] , the cut-off score for a low level of perceived stress is 0.45 using the PSQ.
Brief-COPE Questionnaire
The Brief-COPE questionnaire (COPE) [8] evaluates coping strategies, which are summarized in four domains: evasive coping (EC), seeking support (SS), focus on positive (FP), and active coping (AC).
General depression scale
Depression can be a primary disorder or comorbidity. Hearing handicap and chronic tinnitus can be associated with depressive symptoms such as anxiety or emotions such as helplessness. For our study, we have chosen the long version of the general depression scale (Allgemeine Depressions Skala, ADS) by Hautzinger and Bailer (1993) [15] . The total score ranges between 0 and 60 and scores greater than 23 indicate a depressive pathology.
Generalized Anxiety Disorder Questionnaire
The Generalized Anxiety Disorder Questionnaire (GAD-7) [32] was designed as a screening instrument for generalized anxiety disorders and to assess their severity, and it has high reliability and validity in clinical practice and research [32] . The 7-item scale asks patients whether and how often, during the 2 weeks before the examination, they were bothered by the 7 core symptoms of generalized anxiety disorder. Response options are "not at all" (0 points), "several days" (1 point), "more than half the days" (2 points), and "nearly every day" (3 points). The total score ranges between 0 and 21 with the GAD-7 score ranges of 5-9 (mild), 10-14 (moderate) and 15-21 (severe) anxiety symptom levels [22] .
Speech perception
Data on speech perception (monosyllable and sentence tests) were obtained to compare performance for the unaided and the CI-aided conditions. For each patient, the measures were assessed before and after implantation. Postoperatively, hearing was tested at 1.5 ± 0.9 years (range 0.6-3.2 years) after surgery.
Pure Tone Audiometry/Freiburg monosyllable test
Preoperatively, the Pure Tone Average (PTA) and the Freiburg monosyllable test were recorded. After CI, speech perception was measured using the Freiburg monosyllable test in a quiet environment (65 dB SPL).
Oldenburg sentence test
Speech perception in noise was evaluated after surgery using the Oldenburg sentence test (OLSA) [24] . The background noise was presented to subjects at 65 dB SPL, and the speech level of each sentence was adjusted depending on the response to each test item, to obtain the signal-tonoise ratio (SNR) at which the percentage correct word score is 50% (critical SNR).
Three presentation set-ups S0°N0°/ S-45°N + 45°/S + 45°N-45°were used for testing speech perception in background noise. On the hearing-impaired ear, these presentation set-ups were the configurations S0N0 (speech and noise from the front), SNHNSSD (speech from the normal hearing side/noise from the deaf side), and SSSDNNH (speech from the deaf side/noise from the normal hearing side).
Oldenburg Inventory
The Oldenburg Inventory (OI) was used to quantitatively evaluate the subjective hearing after CI [18] . The OI that was used contains 12 closed questions on different hearing situations. The response choices ("always", "often", "rare", "sometimes" and "never") are evaluated by scores from 1 to 5. The test result is obtained by adding the scores in each domain (hearing in quiet, hearing with background noise and localization).
Statistical analyses
The changes in patient scores were tested for significance using the nonparametric Wilcoxon matched pairs test because the data were not distributed normally (Kolmogorov-Smirnov test). The relationship between hearing ability and scores from the questionnaires was tested using Spearman's correlation test. The results in the text are shown as mean ± standard deviation in the text. Plots show the mean ± standard error of the mean. Significance was set at p < 0.05. Statistical analysis was performed and graphs were constructed using SPSS software (SPSS Statistics for Windows, Version 24.0., IBM Corp., Armonk, NY, USA).
Results
This retrospective study was conducted at the Departments of Otorhinolaryngology of Unfallkrankenhaus Berlin and Charité-Universitätsmedizin Berlin, Germany.
We included 20 postlingually deafened patients (13 women, 7 men) in this study who were implanted with a multichannel cochlear implant by Cochlear (n = 16) or MED-EL (n = 4). Surgery was performed between 2010 and 2012. The mean age of the patients was 57.0 ± 17.3 (range 21.5-80.6) years. Mean duration of deafness was 4.8 ± 7.7 (range 0.3-26.9) years (. Table 2 ).
The postoperative evaluation was conducted 1.5 ± 0.9 (range 0.5-3.3) years after surgery. 
Better health-related quality of life
Cochlear implantation resulted in a statistically significant increase in the health related quality of life (HRQoL), as measured by the NCIQ (. Fig. 1) . The mean total score of this study population was 63.3 ± 13.8 before CI surgery and increased to 73.8 ± 10.7 after implantation (p < 0.0001). Also, the individual scores from subdomains measuring basic (NCIQ1) and advanced sound perception (NCIQ2), self-esteem (NCIQ4) and activity (NCIQ5) improved significantly.
Improved general quality of life
Following cochlear implantation, the subscale vitality of the SF-36 increased from 55.5 ± 22.7 before CI to 64.0 ± 19.3 after CI (p < 0.05). However, the scores for all other domains remained unchanged. There were no correlations between duration of deafness or patients' age and the NCIQ and SF-36 scores following CI.
Decreased tinnitus-related distress
Seventeen of 20 patients (85%) reported tinnitus before implantation. After implantation, for the implant on situation, tinnitus decreased in 12 patients, 3 of them reported complete disappearance of tinnitus. However, 4 patients had an increase in tinnitus distress and 1 patient reported no change. In the 3 patients who were tinnitus-free before surgery, implantation did not induce tinnitus (. Table 3 ).
The mean total score preoperatively with the TQ was 25.2 ± 18.7 (range 1-61) and this improved significantly after CI and with the implant turned on to a mean score of 17.3 ± 18.1 (range 0-54). There was also a statistically significant improvement in the subdomains Emotional distress (TFE), Intrusiveness (TFI) and Auditory perceptual difficulties (TFA) (. Fig. 2) .
Tinnitus severity was not correlated with duration of deafness or patients' age. Furthermore, no correlations were found between tinnitus-related distress and auditory performance measured with the Freiburg monosyllable test and the OLSA.
In contrast, the grade of tinnitusrelated distress measured with TQ correlated negatively with HRQoL in all subdomains apart from the TQ subdomains Sleeping disturbances and Somatic complaints and the NCIQ subdomain Advanced sound perception (. Tables 4   and 5 ).
There was a statistically significant correlation between the preoperative scores of the TQ (subdomains Auditory perceptual difficulties and TQ Total) and the SF36 psychological subdomain (p < 0.05). Preoperatively, there were further correlations between psychological comorbidities and TQ scores (p < 0.05) as follows: 4 TQ (subdomains Sleeping disturbance and Somatic complaints) and the GAD-7 score for generalized anxiety, 4 TQ (subdomains Intrusiveness and Somatic complaints) and the ADS-L score for depressive symptoms, 4 TQ (subdomain Intrusiveness) and the PSQ (Tension and Total). 
Low stress level
Using the Perceived Stress Questionnaire (PSQ), perceived stress scores were low before (0.31 ± 0.23) and after (0.29 ± 0.22) CI and there was no significant change. There were also no significant changes concerning coping strategies (COPE questionnaire).
Decrease in anxiety symptoms
Anxiety symptoms (GAD-7 scores) decreased significantly from 5.2 ± 4.0 to 3.8 ± 3.9 (p < 0.05).
Psychological comorbidities did not correlate with the duration of deafness or patients' age.
Improved auditory performance
Preoperatively, the mean percentage score in the Freiburg monosyllable test at 65 dB SPL was 2.7 ± 6.5% (range 0.0-20.0%; . Table 6 ). Postoperatively, the mean percentage score improved significantly to 48.3 ± 22.5% (range 10.0-85.0%; p < 0.001).
Measured with the Oldenburg sentence test (OLSA), speech perception for the configuration SSSDNNH (speech from the deaf side/noise from the normal hearing side) with the CI (mean score: -1.8 dB) significantly improved compared to the unaided situation (mean score: 0.43 dB; p < 0.005). Thus, the mean advantage from the head shadow effect was 2.2 dB. There were no statistically significant differences in speech perception for the presentation configuration S0N0 (speech and noise from the front, unaided mean score: -3.7 dB, aided mean score: -4.0 dB; summation effect 0.3 dB) and SNHNSSD (speech from the normal hearing side/noise from the deaf side, unaided mean score: -11.9 dB, aided mean score: -11.6; squelch effect -0.3 dB).
There were improvements in the subjective assessment of auditory ability measured with the OI after implanta-tion: hearing in noise' (p < 0.05) and sound localization (p < 0.001).
There were no correlations between duration of deafness or age and auditory performance after CI.
Discussion
In the present study, we have demonstrated that cochlear implantation in SSD patients improves anxiety and reduces tinnitus-related distress. In addition, HRQoL improved after surgery, especially in regard to social and psychological aspects of life. Moreover their speech perception in background noise and sound localization improved significantly.
A negative aspect of this study is the retrospective study design, which can cause a recall bias. Therefore a prospective evaluation is in progress. Another negative aspect is the point in time of the postoperative evaluation, which is heterogeneous (1.5 ± 0.9 years, range 0.6-3.2, post-CI). But as the meantime of the postoperative follow-up is 1.5 years, the hearing rehabilitation program has been finished by then by most of our patients and therefore presumably many of them have reached their best hearing level. For the prospective evaluation we plan to do a follow-up at a standardized point of time.
Positive aspects of this study are the usage of reliable and well-evaluated questionnaires as well as audiometry and the representative number of patients. The positive outcome for the patients included in this study is confirmed by their daily usage of the CI with a mean time of 11.5 ± 3.7 h.
Health-related quality of life
This study demonstrates that CI of SSD patients results in a significant increase in HRQoL, positively affecting not only sound perception but also the social and psychological aspects. In addition, SSD patients reported increased vitality, as measured by the generic QoL questionnaire SF-36. The results of this study corroborate previous results obtained in CI studies with bilaterally deaf patients. Bilateral implantation resulted in an in- crease in NCIQ score from 39.0 to 65.4 after the first implantation and finally, 71.3 points after the second implantation. The HRQoL score measured after bilateral implantation of bilaterally deaf patients is therefore comparable with that of SSD patients after single-sided implantation (total NCIQ score 73.8 ± 10.7) [29] . The present findings indicating that CI is followed by a significant increase in HRQoL corroborates the results of other studies. In other studies, a diverse range of questionnaires was used to determine changes in the quality of life following CI. One of these questionnaires is the Speech, Spatial, and Qualities of Hearing (SSQ), which is divided into three subsections: speech, spatial, and quality of hearing. The greatest improvement in quality of life was observed in the "Speech" subsection [1, 2, 18, 36] . Arndt et al. [2] evaluated quality of life using the Health Utilities Index 3 (HUI3), which is a measure of general health status. They reported a significant postoperative increase in the total score compared to the pre-implant condition with either contralateral routing of signals (CROS) or bone conduction device (BCD).
Tinnitus
The initial intention of CI in SSD patients was not the restoration of hearing but the treatment of tinnitus. Van de Heyning et al. [36] , Vermeire and Van de Heyning [37] and, in Germany, Arndt et al. [2] published the first studies about cochlear implantation as an option to treat tinnitus in SSD. In 2012, Arts et al. [4] reviewed the literature on cochlear implantation in patients with SSD to investigate the effect on tinnitus suppression. In our present work, 70% of patients reported a decrease in tinnitus. These results are in line with all the other studies on this topic, which also affirm that the majority of implanted SSD patients profit from this treatment by a reduction of tinnitus.
Several subjective scales were used to assess tinnitus distress or tinnitus loudness and the studies included monitored tinnitus at different time points before and after cochlear implantation. To date, very few studies have used tinnitus-specific, validated questionnaires such as the Tinnitus Questionnaire (TQ) or the Tinnitus Reaction Questionnaire (TRQ) to evaluate the effects of cochlear implantation on tinnitus distress [31, 36] . Távora-Vieira et al. [33] reported a reduction of tinnitus varying from 77 to 100%, using the TRQ. In their study, Van de Heyning et al. [36] included 21patientswithsevere unilateral tinnitus affecting the deafened side. One and two years after unilateral cochlear implantation, a significant decrease in tinnitus loudness and tinnitusrelated distress was noted. In the study by Punte et al. [31] , 26 SSD patients with severe tinnitus were included and there was a continuous decrease in the TQ score from 60 preoperatively to 49 one month after CI surgery, and to 39.4 after 6 months.
The mean preoperative TQ score in this study (25.2 ± 18.7) is much lower than the score of 58.5 ± 13.9 reported by Van de Heyning et al. [36] . The reason for this discrepancy is that the inclusion criteria in the trial by van de Heyning et al. were single-sided deafness and a TQ score of more than 47 (tinnitus degree 3), whereas we did not set a threshold on TQ score. In this study, the total TQ decreased significantly to a mean of 17.3 ± 18.1 following implantation. Although there are marked differences in the approaches to measure tinnitus (vi-sual analog scale, TQ, Tinnitus Handicap Inventory, Tinnitus Diary), and the sample sizes in other studies are small, the use of CI in SSD is generally associated with suppression of tinnitus in the majority of patients. Correlation analysis revealed that the extent of tinnitus distress after CI has a negative influence on anxiety and HRQoL. Thus, tinnitus may influence the outcome of cochlear implantation. In their study, Mertens et al. [28] concluded that tinnitus distress also influences the hearing ability of the better hearing ear in patients with singlesided deafness.
Knopke et al. [23] and Olze et al. [30] reported a lasting decrease in tinnitusrelated distress after CI in patients with bilateral deafness.
Psychological comorbidities
Reports on the effect of CI on psychological comorbidities and tinnitusrelated distress are rare, even though the measurement of HRQoL, distress factors, coping strategies and psychological comorbidities as well as tinnitus distress and tinnitus level and their correlations appears to be a meaningful assessment of the positive or negative effects of CI.
Using validated questionnaires, Andersson et al. [1] have retrospectively examined cochlear implant users who reported tinnitus post-CI. That study demonstrated that, in 24.5% of patients, tinnitus was related to hearing problems, anxiety, and depression following implantation. However, no preoperative or disease-specific HRQoL data were presented. To the best of our knowledge, no data are available for SSD patients with regard to this topic.
Stress
In contrast to bilaterally deaf patients, only a few SSD patients have reported an elevated level of perceived stress and psychological comorbidities. In this study, the Perceived Stress Questionnaire (PSQ) scores before CI (0.31 ± 0.23) were within the range found in healthy adults as reported by Fliege et al. [10] ; following CI, no further statistically significant reduction (0.29 ± 0.22) was seen. These results show that CI has not induced additional stress in SSD patients during the hearing rehabilitation process. In a recently conducted prospective study on this topic, we found an elevated stress level preoperatively. The prospective study is in progress. 
Anxiety
Preoperatively, depression and anxiety scores in SSD patients were at a relatively low level in this study, in contrast to previous results in bilaterally deaf patients with elevated preoperative scores for psychological comorbidities (stress, depressive symptoms, anxiety). Anxiety symptoms (GAD-7 scores) decreased significantly from 5.2 ± 4.0 to 3.8 ± 3.9 post-implantation (p < 0.05). On the one hand, SSD patients are not as handicapped in daily life with regard to hearing impairment, stress and depressive symptoms as bilaterally deaf patients and they are not recognized as handicapped. On the other hand, SSD patients are impaired, especially with regard to directional hearing, hearing in noise, HRQoL and anxiety compared to normal hearing individuals.
These results might be influenced by the retrospective study design and thus by a recall bias. It is possible that a prospective study design might reveal different preoperative scores with regard to HRQoL, tinnitus and psychological comorbidities. Another notable fact is the time range of postoperative assessment (0.6-3.2 years postoperatively), which might have an effect on the postoperative score.
Auditory performance
We noted the most significant improvement in auditory performance when test-ing with the OLSA and presenting the sound to the implanted side for the configuration SSSDNNH (head shadow effect). Our results generally corroborate those of Arndt et al. [2] and Távora-Vieira et al. [33] , who both also demonstrated that sound perception in noise improves mainly in the SSSDNNH configuration.
Current studies report varying results of speech perception in noise after cochlear implantation [5, 22] . However, speech perception in noise can be measured using different methods, which may affect the results. Vermeire and Van de Heyning [37] found a positive effect of CI in two subgroups. There was one group with SSD, which gained significant benefit from CI in the S0NSSD (speech from front/noise from the SSD side) configuration, and there was one group with asymmetric hearing loss (hearing aid on the contralateral side), which experienced significant benefit in the S0NSSD configuration and in the SSSDNNH configuration.
Similar to our findings, Vermeire and Van de Heyning [37] and Arndt et al. [2] did not find significant differences when using the S0N0 configuration. In contrast, Jacob et al. [19] reported no changes in signal-to-noise ratios between the CI-on and CI-off conditions. Buechner et al. [6] reported a significant improvement in speech perception in noise in the SSSDNNH configuration for three of five patients.
A further advantage of CI in SSD patients is the improvement they bring in the ability to localize sound [22, 31] .
In this study, the capability to localize sound was evaluated using a subjective assessment tool (OI). The scores for the subscale "localization" increased significantly compared to the status before CI. 4 Cochlear implantation (CI) in singlesided deaf (SSD) patients is a powerful intervention to improve HRQoL including social and psychological aspects.
Practical conclusion
